Little is known regarding the molecular phenotype of kidneys with AKI because biopsies are performed infrequently. However, all kidney transplants experience acute injury, making early kidney transplants an excellent model of acute injury, provided the absence of rejection, because donor kidneys should not have CKD, post-transplant biopsies occur relatively frequently, and follow-up is excellent typically. Here, we used histopathology and microarrays to compare indication biopsies from 26 transplants with acute injury with 11 pristine protocol biopsies of stable transplants. Kidneys with acute injury showed increased expression of 394 transcripts associated with the repair response to injury, including many epithelium-like injury molecules tissue, remodeling molecules, and inflammation molecules. Many other genes also predicted the phenotype, including the acute injury biomarkers HAVCR1 and IL18. Pathway analysis of the injury-repair transcripts revealed similarities to cancer, development, and cell movement. The injury-repair transcript score in kidneys with acute injury correlated with reduced graft function, future renal recovery, brain death, and need for dialysis, but not with future graft loss. In contrast, histologic features of acute tubular injury did not correlate with function or with the molecular changes. Thus, the transcripts associated with repair of injury suggest a massive coordinated response of the kidney parenchyma to acute injury, providing both an objective measure for assessing the severity of injury in kidney biopsies and validation for many biomarkers of AKI.
Although AKI is an important problem, 1-3 native kidneys with AKI are rarely biopsied, limiting studies of AKI biomarkers to urine and body fluids. 4 However, kidney transplants offer a unique opportunity to study the injury-repair response to AKI because all transplants experience AKI, CKD is excluded, and numerous indication biopsies are performed to exclude rejection, guided by the international Banff histopathology consensus system. Moreover, transplants have detailed function assessments and are followed indefinitely. AKI induced by transplantation can be modeled in rodent kidney isografts, [5] [6] [7] as recently reviewed. 8 The mouse studies showed that some transcript changes in transplants reflect AKI, but other transcripts reflect the acute phase response to the surgical procedure. 5 The picture is further complicated in aging kidneys. 9, 10 This prospective study of kidney transplants with AKI was undertaken to define the transcripts induced by human AKI and their clinical correlations. We previously analyzed the correlates of estimated GFR (eGFR) in transplant biopsies, but those were mainly late biopsies with atrophy-fibrosis, not AKI. 11 We hypothesized that indication biopsies from early kidney transplants, selected to exclude kidneys with rejection and diseases, will reveal the molecular features of AKI. Our strategy was to neutralize the ubiquitous minor changes inevitably induced by the transplant process by comparing AKI kidneys to histologically pristine protocol biopsies of stable transplants. This study aimed to elucidate the molecular changes that reflect clinically significant functional disturbance and their relationship with histopathology changes and prognosis.
RESULTS

Selection of Biopsies from Kidney Transplants with Pure AKI
We identified AKI kidneys from a prospective study of 234 kidney transplant biopsies for clinical indications from 173 consenting patients. We excluded kidneys with rejection and kidney disease by histologic criteria, and also excluded those with nondiagnostic suspicious histologic lesions. This identified a "pure AKI" cohort of 28 biopsies from 26 patients, with mean eGFR at biopsy of 26 ml/min (range, 8-52) ( Table 1) . Of 28 biopsies, 21 displayed features that pathologists believe reflect acute tubular injury. 12, 13 Fifteen were from deceased donor kidneys, of which eight manifested delayed graft function (DGF) (i.e., initial dialysis dependency). The median follow-up after biopsy was 3.9 years. The extent of histologic tubule injury changes can be assessed for its correlation with molecular changes and function because these kidneys were not chosen on the basis of histologic criteria for tubular injury; rather, they were chosed only by time post-transplant and exclusion of diseases.
During follow-up, only one kidney from the AKI cohort progressed to end stage kidney failure at 30 months, attributed to antibody-mediated rejection (ABMR) caused by nonadherence, and one patient died with a functioning graft.
A validation set was generated to test the molecular features ( Table 1) . The results below refer exclusively to the original AKI cohort, and the validation set is analyzed at the end of the Results section.
Selection of Controls
Our strategy was to distinguish clinically significant AKI from the minor injury that accompanies every transplant. Thus, controls consisted of protocol kidney transplant biopsies selected from a previously published cohort 14 with clinically appropriate stable function at 6 weeks post-transplant, with no indications for biopsy. After excluding biopsies with any histologic abnormalities, including acute tubular injury changes (Table 1) , we were left with a set of 11 pristine protocol biopsies similar in age to the AKI kidneys, including both living and deceased donor kidneys.
Histopathology, Function, and Survival of Kidneys with AKI Histology scores for inflammation (i-Banff, i-total) and atrophy fibrosis (ci, ct) were compared for biopsies from the AKI cohort versus those with T cell-mediated rejection (TCMR), borderline rejection, other diseases and pristine protocol biopsies (Table 2) . Because of the selection criteria, the pure AKI biopsies and pristine protocol biopsies had little inflammation or atrophy fibrosis, and the pristine protocol biopsies had no acute tubular injury features.
Three of 35 grafts with TCMR failed, but all had later biopsies showing ABMR or mixed rejection. The 34 other kidney failures after indication biopsies reflected diseases that emerged late after transplantation such as ABMR or recurrent GN. 15, 16 The mean eGFR at the time of biopsy was low in the AKI cohort (mean 26) and in TCMR and borderline rejection biopsies, compared with other indication biopsies (Table 2) . However, by 6 months after biopsy, these kidneys showed the most improvement (DeGFR). As expected, the pristine protocol biopsy cohort had higher mean eGFR at the time of biopsy than the AKI cohort, and showed little improvement over time.
Kidneys with pure AKI in the early post-transplant period manifest impaired function at biopsy but good recovery and prognosis, and are suitable for defining the injury-repair response to clinically significant AKI.
Defining the Injury-Repair Response Associated Transcripts in the Pure AKI Biopsies We compared microarray results from AKI biopsies versus pristine protocol biopsies to define the features of clinically significant injury. This comparison identified 946 probe sets, including 394 nonredundant genes whose expression was increased at least $1.5-fold higher in AKI than in pristine protocol biopsies (Supplemental Table 1 ), at the false discovery rate (FDR) of 0.05. We named these injury-repair responseassociated transcripts (IRRATs).
For detailed study, we selected from the 394 IRRATs the 30 with the highest fold increase compared with the pristine protocol biopsies (Table 3 ). The expression of the individual top 30 IRRATs in AKI biopsies was 2.7-to 7.9-fold higher than in pristine protocol biopsies. Four of the top 30 IRRATs (LCN2, AKAP12, FOS, and EGR1) had previously been identified as biomarkers of AKI, on the basis of detection of the product in urine or blood, [17] [18] [19] or mRNA expression in human kidney. 20, 21 The complete set of 394 IRRATs included four other known AKI biomarkers (CLU, CXCL1, CYR61, and THSB1) but did not include some known biomarkers such as HAVCR1 and IL18.
Although the IRRATs were defined without reference to GFR measurements, they correlated strongly with eGFR. Thus, expression of 26 of the top 30 individual IRRATs correlated with reduced eGFR at biopsy, and 24 of 30 also correlated with eGFR recovery 6 months after biopsy (Table 3) . After excluding the top 30 IRRATs, there were 138 additional IRRATs whose expression correlated with eGFR, with correlation coefficients ranging from 20.82 to 20.50 (Table 4) .
Mouse orthologs of the 394 IRRATs had extensive overlap with transcripts previously shown to be increased in mouse AKI, either isografts (n=124, P,0.001) or native kidneys with ischemic ATN (n=254, P,0.0001). 5 Of 18 mouse orthologs of the top 30 human IRRATs, 17 were increased in mouse AKI models 5 (Table  5 ). Six of those belonged to the previously published injury-repair induced sets IRIT(I) and IRIT(L). 5 Thus, IRRAT changes in AKI are largely conserved between human and mouse.
Relationship of the IRRAT Score to Histology and Function in Injured Transplants
The 28 AKI biopsies were arranged by increasing IRRAT score (geometric mean of the fold increase in the top 30 IRRATs versus control nephrectomies) to compare the IRRAT scores with DGF, eGFR, and histopathology features of acute tubular injury ( Figure 1) . We discretized the IRRAT scores into tertiles (see top of Figure 1 ). Nine of 10 kidneys with DGF had IRRAT scores in the top tertile (P,0.05). The top tertile also contained nine biopsies from deceased donors (P,0.05). Kidneys from deceased donors had higher IRRAT scores than kidneys from living donors (3.0 versus 1.6, P,0.05).
Whereas high IRRATscores were associated with low eGFR, acute tubular injury features were not; they were present in 6 of 9 in the lowest tertile, 6 of 9 in the middle tertile, and 9 of 10 in the upper tertile (not significant). Histologic features of acute tubular injury were also not associated with DGF or donor type. However, inflammation in AKI biopsies, albeit mild by definition, was nevertheless highest in the top tertile: the mean inflammation scores (i-total) were 2% for the lowest tertile, 5% for the middle tertile, and 13% for the top tertile (P,0.05). The IRRAT score in the AKI biopsies anticorrelated with the eGFR at biopsy (20.77, P,0.001) and correlated with the increase in eGFR by 6 months (0.62, P,0.001). The acute tubular injury score by histology did not correlate with eGFR or the increase in GFR (Figure 2) .
In AKI kidneys, the IRRAT score is associated with DGF, brain death, impairment in eGFR, future recovery of function, and interstitial inflammation. The histologic features that pathologists believe represent acute tubular injury were not related to DGF, deceased donation, eGFR, recovery of function, or IRRAT scores.
Cellular Expression and Functional Annotation of IRRATs
Functional annotation of the top 30 IRRATs using Ingenuity Pathway Analysis (Table 6 ) indicated that the pathways overrepresented included cancer; cellular movement, including migration of tumor cells; tissue development, including cell adhesion; and acute phase response. The complete list of 394 nonredundant IRRATs yielded similar results. Most IRRATs are expressed in parenchymal cells of kidney or in a broad expression in many cells, making kidney parenchymal expression likely. Relatively few were expressed in inflammatory cells.
Many Other Transcripts Correlate with IRRATs and Predict AKI
Using our statistical filtering rules, some reported biomarkers of AKI were not found in the top 30 or the complete 394 IRRAT lists, including HAVCR1 (KIM1), IL18, UMOD, CTS3, or FABP1. HAVCR1 did not meet the fold cutoff criteria, and IL18 did not pass the statistical filter. Nevertheless, HAVCR1 and IL18 expression correlated with the IRRAT score in the AKI biopsies (r=0.9 and r=0.7, P,0.0001, respectively). UMOD, CTS3, and FABP1 had no positive correlation with the IRRAT score.
We re-examined all probe sets passing the interquartile range filter (n=12,552) to identify transcripts missed by the initial filtering rules, comparing the binary phenotype of AKI versus pristine protocol biopsies. Our goal was to identify all transcripts that differ between these phenotypes by their P value and by their ability to predict these phenotypes. In Figure 3 , the x-axis gives the uncorrected P values for the comparison of phenotypes, whereas the y-axis gives the area under the curve for prediction (AUC). The transcripts positively associated with the phenotype have an AUC .0.5. If negatively associated, the AUC is ,0.5. An AUC at or near 0.5 signifies no discriminatory power.
Apart from the top 30 IRRATs (shown as yellow dots), other redundant transcripts (n=1424) had high predictive values for the AKI (AUC $0.7). HAVCR1 and IL18 (pink dots) now showed correlations similar to many top 30 IRRATs. After adjustment for the FDR, 930 transcripts remained, including all IRRATs. Another 1785 transcripts (after the FDR adjustment) were highly negatively associated with the AKI phenotype (AUC #0.3).
As an additional control, we examined these relationships after random shuffling of the phenotype labels of AKI and protocol biopsies. No transcript was significant at FDR=0.05 when the labels were randomly shuffled.
Relationship between IRRATs, Histology, and Function in the Validation Set For validation of the molecular studies, we identified a second, independent set of kidneys with AKI, selected only as being the next consecutive kidney biopsies meeting the same criteria in this ongoing study ( Table 1 ). The validation set of 27 kidneys were similar to the original set, differing only in longer median time to biopsy (24 versus 16 days), fewer deceased donors (30% versus 58%), and fewer grafts with DGF (19% versus 31%). Because of these differences, the eGFR was higher in the validation set (31 versus 26 ml/min), reflecting the fact that the extent of AKI was less than in the original AKI set. In the validation set, only one graft was lost, due to membranoproliferative GN, 60 months after the transplant, and one patient died with a functioning graft. The correlation of the top 30 IRRAT score in the validation set with the eGFR at biopsy was 20.62 (P,0.001) and with the increase in eGFR by 6 months was 0.45 (P,0.05). The recovery of eGFR was highest in kidneys with high IRRAT scores ( Table 7) . The acute tubular injury features did not correlate with IRRAT scores. Inflammation was again highest in the top tertile by the IRRAT score. Thus, the relationships among kidney function, histology, and IRRAT score expression were confirmed in the validation set biopsies.
The IRRAT score was higher in the original set than in the validation set (2.5 versus 1.6, P=0.02), because the kidneys from the validation set were less injured (i.e., had better eGFR and less DGF). Analysis of gene expression revealed that 19 of the top 30 IRRATs and 212 of the 394 IRRATs were significantly increased (FDR=0.05) in the validation set (Supplemental Table 1 ).
DISCUSSION
Although all kidney transplants experience AKI, some are more injured and require an indication biopsy. When rejection and diseases are excluded, such kidneys constitute a pure AKI cohort with varying degrees of functional impairment. We compared this cohort to pristine protocol biopsies of similar ages, thus neutralizing the mild injury present even in well functioning transplants and identifying the IRRATs as the signal evoked in human kidneys by recent major parenchymal injury. In the AKI cohort, the IRRATs correlated with a history of DGF and with deceased donors, depression of eGFR at time of biopsy, future eGFR recovery, and interstitial inflammation. Histologic features considered typical of acute tubular injury did not correlate with these measurements or with the IRRATs. An independent validation set confirmed all of the major relationships, as well as IRRAT expression. The IRRATs extensively overlapped the transcripts previously identified in injured mouse kidneys, as well as many biomarkers previously described in body fluids. Thus, the results present a comprehensive picture of molecular events in clinically significant human transplant AKI that will be useful in supporting diagnostic applications.
The elucidation of the transcripts expressed in human transplant kidneys with AKI offers new support to and understanding of developing biomarkers, refining their interpretation, and establishing how expression of AKI biomarkers in body fluids correlates with expression in kidney tissue. Some biomarkers are more sensitive to minor injury or more persistent after injury resolves, whereas others may be more quantitative at distinguishing current functional impairment. 22, 23 For example, increased expression of HAVCR1 is reported in primary diseases 24 and in the zero-hour transplant biopsies. 25 However, in one study, HAVCR1 lacked the ability to distinguish major from minor injury states in kidney transplants. 26 Moreover, the expression of biomarkers such as HAVCR1 and IL18 in body fluids may also be a sign of systemic trauma. 10, [27] [28] [29] The fact that two AKI, biomarkers HAVCR1 (KIM1) or IL18 were not identified as IRRATs by our initial statistical filtering strategy (fold change and FDR) yet were nevertheless associated with AKI phenotype, when re-analyzed, illustrates a caveat about reaching negative conclusions in microarray data. Arbitrary selection criteria may miss important associations when many features are highly correlated, and a comprehensive examination of the phenotype associations of all transcripts should be included.
Although IRRAT expression accurately reflected the functional disturbance in transplants with AKI, the histologic features believed to reflect acute tubular injury did not. Various focal features of acute tubular necrosis in humans have previously been reported in native kidney AKI, 30 the ability of these features to predict current GFR impairment or future functional recovery has been poor, indicating that focal abnormalities are not quantitatively related to overall parenchymal function. The emergence of the IRRATs as a reliable measurement of AKI in human biopsies can be used in place of histopathology, but can also be used to guide the identification of new histologic features. For example, we recently showed using confocal microscopy that kidney transplants with AKI undetected by conventional features Genes previously identified as top 30 IRRATs by the fold change in AKI biopsies versus pristine PBx were excluded because their correlations with eGFR are shown in Table 3 .
have a profound diffuse loss of solute carriers in the brush border. 7 A systematic search for new histologic features that predict IRRAT expression and GFR is now warranted. Moreover, one histologic feature that correlates with IRRAT expression in kidney transplants with pure AKI, mild interstitial inflammation, should probably be given more weight. Interstitial inflammation is an inherent component of the injuryrepair response, like the inflammation in a healing wound, and has been described in reperfusion 31, 32 and DGF. 33 The IRRATs show considerable similarity to the transcripts induced in late kidneys with diseases that predict progression to renal failure in such kidneys and that can be used to define a risk score (e.g., ITGB6, VCAN, NNMT). 34 Thus, 11 of the top 30 IRRATs were previously reported by us as frequently used by the molecular risk score classifier for predicting a graft loss in late kidney transplant biopsies. 34 Although the significance of this observation is the subject of a separate study, it seems likely that the IRRATs are an important signal in a variety of renal diseases other than AKI, but their significance will reflect whether that disease is treatable or self-limited or untreatable and relentlessly progressive. In this respect, the close relationship between the top 30 IRRATs and cancer provides insights, illustrating the ubiquitous nature of the injury-repair/woundhealing response, and recalling the concept of cancers as "wounds that do not heal." 35, 36 Thus, the IRRATs represent major general mechanisms such as development 37, 38 and cancer, 37 particularly invasive 39 and metastatic cancers, 40 as well as fibrosis. 41, 42 Pure AKI in transplants did not lead to late graft failures in our analyses, either in the first AKI cohort or the validation set, consistent with recent studies indicating that most late kidney transplant failures reflect the onset of diseases such as late ABMR or recurrent disease. 16, 43 All of the kidneys in the AKI set and the validation set recovered, and the only two kidney failures were due to rejection triggered by nonadherence and recurrent GN. Thus, AKI evokes the injury-repair response, like wound healing, and does not lead to progressive deterioration in humans. At first glance this may seem to contradict some analyses of DGF in transplant registry data. However, DGF in registry data reflects many different disease states, including not only AKI but also technical failures and undetected ABMR. 44, 45 Moreover, kidneys with DGF carry the weight of many covariates, such as donor and recipient age, that increase the probability of both DGF and future failure. 46 Thus, the impaired long-term survival of kidneys with DGF in registry data are likely not an effect of pure AKI, which is always undesirable but nevertheless inherently reversible.
CONCISE METHODS
Human Biopsies for Clinical Indications, Histopathology, and Diagnoses
The collection of 234 human kidney biopsies for clinical indications and eight normal nephrectomies was previously described. 47 Biopsies were obtained under ultrasound guidance by spring-loaded needles (ASAP Automatic Biopsy; Microvasive, Watertown, MA). This study was approved by the University of Alberta Health Research Ethics Board (Issue #5299), the University of Illinois Chicago Office for the Protection of Research Subjects (protocol #2006-0544), and the University of Minnesota (protocol HSR#0606 M87646).
Biopsies were assessed by a pathologist (M.M.), blinded to the results of molecular studies. The total interstitial inflammation (i total score, recorded as a continuous variable 48 ) was scored in both nonscarred and fibrotic cortical parenchyma. In addition, we assessed the interstitial fibrosis and tubular atrophy in the parenchyma. We previously described the Banff histopathologic diagnoses. 47 We thus analyzed two independent sets of 28 nonrejecting biopsies each with early injury (see Results), 35 biopsies with Banff TCMR, 23 biopsies with borderline rejection, and 148 remaining biopsies representing 46 with ABMR (including 17 C4d-positive and 29 suspicious for ABMR, aka C4d-negative ABMR), 10 with mixed (ABMR/TCMR) rejection, 24 with GN, and 68 late nonrejecting biopsies. All diagnoses reflect updated donor-specific antibody status. Protocol biopsies were taken around 6 weeks post-transplant and were described previously. 14 From those, we selected a subset of biopsies that represented kidneys with a stable future function (at least 2 years of follow-up), no evidence for AKI and rejection by histology, and no clinical indication for biopsy (clinical or subclinical, before or after biopsy). Thus, this subset of the pristine protocol biopsies, 11 in total, represents histologically normal kidneys whose only injury pertains to the transplantation process. The mean eGFR in these biopsies was 51.2 compared with a mean of 48.8 in remaining protocol biopsies.
The histologic features of kidney injury assessed as the percentage of involved cortical tubules were as follows: loss of brush border, epithelium-like vacuolization, cytoplasmic lucency, and/or cell necrosis. Biopsies with $5% tubules showing such histologic features were labeled as having acute tubular injury by histology.
Renal Function
Renal function was defined by estimated creatinine clearance, using a four-variable Modified Diet in Renal Disease equation at the time of biopsy and 6 months later. We also calculated the change in eGFR at 6 months after the biopsy, and studied the graft losses in the AKI cohort.
RNA Extraction and Microarrays
As previously reported, 49 one 18-gauge biopsy core was collected for gene expression analysis. RNA extraction, quality control, and HG_U133_Plus_2.0 GeneChip (Affymetrix Santa Clara, CA) processing were described previously. 49 Detailed protocols are available in the Affymetrix Technical Manual (www.affymetrix.com).
Microarray Data Analyses
Microarray data files from 28 AKI biopsies, 11 protocol biopsies, 14 and 8 nephrectomies were preprocessed using robust multichip averaging in Bioconductor and interquartile range filtering was used to eliminate probe sets with low variation across the dataset. 34 The details of microarray expression data are posted on the Gene Expression Omnibus website (GSE30718). Discovery of transcripts differentially expressed between binary phenotypes (kidneys with AKI and pristine protocol biopsies) of both the test set and the validation set was based on the Welch t test with Benjamini-Hochberg false discovery rate correction (GeneSpring 7.3; Agilent, Santa Clara CA). A corrected P value #0.05 was considered significant.
Summarized expression of transcripts in the IRRAT set (set score) was calculated as the geometric mean of the fold change values versus nephrectomies across all transcripts in a set. Functional annotations of transcript sets were done using the Ingenuity Pathway Analysis Global Molecular Network. Enrichment in functional categories was tested by Fisher's exact test. A P value ,0.05 was considered significant.
Statistical Analyses
Statistical significance of differences between the groups of biopsies was tested by KruskalWallis test with Dunn's correction for multiple comparisons. The Spearman two-tailed correlation was used to analyze relationship between features and gene set scores. The chi-squared test was used for contingency tables. P values ,0.05 were considered significant. AUC analysis tested the ability of transcripts to predict AKI. 
